ABSTRACT In direct current (DC) microgrids, the accurate current sharing could be achieved by regulating the virtual impedance (droop coefficient) and the output voltage average value of each distributed generator (DG) could be restored by regulating the voltage reference value with a secondary controller. However, there is a coupling relationship between the current sharing and the voltage restoration process. In this paper, a distributed finite-time secondary control strategy is proposed aiming at overcoming the coupling effect. The proposed controller consists of four control loops, which are the current sharing controller (CSC), the virtual impedance average value restoration controller (AIRC), the reference voltage consensus controller (RVCC), and the voltage average value restoration controller (AVRC). With the proposed controller, the coupling effect is eliminated and the virtual impedance of each DG is only determined by the system load distribution. Besides, a simplified control strategy is also proposed which only contains the CSC and AIRC, and the reference voltage value can be calculated using the local information. The stability of the proposed controller is analyzed using the Lyapunov method. At last, the proposed controller is simulated in MATLAB/Simulink to verify its effectiveness.
I. INTRODUCTION
With the increment of renewable energy sources (RESs) and the development of power electronic technology, a microgrid is introduced which is a collection of loads and renewable energy sources [1] . For the difference in the electric signal, microgrids can be divided into alternating current (AC) microgrids and DC microgrids [2] . Compared to the AC microgrid, a DC microgrid has some advantages, such as less power conversion and easier to control for there is no reactive power, and has attracted many attentions [3] - [6] .
Generally, a microgrid could operate both in gridconnected mode and islanded mode. When a DC microgrid operates in island mode, the droop control strategy is utilized for current sharing in the primary control level which is
The associate editor coordinating the review of this manuscript and approving it for publication was Yang Li. similar to reactive power control in an AC microgrid. For the influence of line impedances, it is difficult to achieve accurate current sharing using only the droop control strategy [7] . And the droop control also causes the output voltage drop which decreases the power quality [8] . To overcome these drawbacks, a secondary controller is necessary. There are two goals in the secondary control level, one is to restore the average of output voltages to the rated value, and the other is to achieve accurate current sharing among DGs [9] .
Many control strategies have been proposed to address these two problems [10] - [17] . In terms of achieving accurate current or reactive power sharing, these methods can be roughly divided into two categories. One method achieves that by regulating the reference voltage (method A) [10] , [11] , [13] , [14] , [17] ; and the other method by the virtual impedance (method B) [12] , [16] . Compared with the former method, method B usually has better dynamic performance.
And the voltage restoration is achieved by adjusting the reference voltage using an average voltage observer [18] .
With the methods above, the two goals can be well solved. However, a new problem is introduced which is the coupling between the two processes. Though this problem could be suppressed by setting different time constants for these two control processes, it is not entirely solved. The impact on the dynamic performance is small with method A; only the method B is discussed in this paper.
With method B, the virtual impedance value of each DG has infinite feasible solutions in theory. In actual operation, the virtual impedance value is influenced by the system initialization and can also shift to another value for the communication noise even though the loads remain constant. Sometimes the virtual impedance values in the microgrid are unacceptable, such as some DG's droop coefficients are positive large and the others are negative large.
In [19] , a distributed control to restore the average value of droop coefficients is proposed, with which the virtual impedance of each DG could be controlled, this design is inspiring, but the problem still exists. In my opinion, the essential reason that causes this problem is the coupling between the voltage correction term and virtual impedance correction term. Motivated by this, a distributed finite time control strategy is proposed in this paper. The proposed control strategy consists of four compensating controllers, the CSC is to compensate the virtual impedances of each DG to achieve accurate current sharing, the AIRC is to restore the average virtual impedance to the present value, the RVCC is to ensure the reference voltages of each DG are the same, and the AVRC is to restore the average value of output voltages. These controllers are all based on a finite time consensus protocol [15] , [20] .
Based on the proposed control strategy, a simplified controller is introduced, too. Compared to the proposed controller, the simplified controller removes the RVCC and AVRC controllers and needs less information from the neighboring nodes.
The contributions of this paper are: 1) Using the proposed controller, the virtual impedance distribution and load distribution in a DC microgrid is oneto-one correspondence. And the virtual impedance values are no longer affected by the system initialization and the system noise.
2) The coupling relationship is analyzed, and the sufficient condition for the uniqueness of the virtual impedance is given.
3) A simplified control strategy is given based on the proposed controller and the steady state analysis.
The rest of this paper is organized as follows. Section II presents the system architecture and the problem in the conventional secondary control strategy. The proposed controller is presented in section III, and the steady state of the DC microgrid is analyzed, too. Section IV discusses the stability of the proposed controller based on the Lyapunov method. The simulations are provided in section V to verify the effectiveness of the proposed controller. Finally, section VI concludes this paper.
II. PROBLEM FORMULATION AND SYSTEM ARCHITECTURE A. PROBLEM FORMULATION
To coordinate with the output currents of DGs in a DC microgrid, droop control has been widely adopted. The principle of it can be expressed as
where V i is the output voltage, I i is the output current, V * ref is the rated voltage of the microgrid, and R 0 vi is the virtual impedance (droop coefficient).
For the influence of the line impedance [21] , it is difficult to achieve accurate current sharing with the primal control, and the voltage drop is difficult to eliminate. So, the secondary controller is introduced, the objectives of which are to compensate for the voltage drop caused by the primal controller and the mismatch of the output current. The current compensator can be realized by adjusting the droop coefficient. The voltage compensator can be realized by adjusting the reference voltage. And the control scheme can be rewritten as
where V refi and R vi are the voltage correction term and the virtual impedance correction term generated by the secondary controller.
From [22] , [23] , we can know that the load nodes could be reduced by the Kron reduction. So, the relationship between the output voltages and currents can be expressed as
where
T is the current vector, and Y = (Y ij ) N ×N is the conductance square matrix of the reduced network the dimension of is N , which is the number of generator nodes. For Y is invertible, (3) can be rewritten as
where Z =Y −1 . From the principle of the secondary controller, the following equations can be easily derived as
where 1 N is a N-dimensional column vector with all elements being 1, k i is the current sharing ratio of DG i , and I u is a unit current scalar. From (4) and (5), the output voltage can be given by
So, from the analysis above, it can be seen that the output voltage and current in a DC microgrid are only affected by the load distribution in the steady-state. In other words, the voltage reference and virtual impedance have no impact on the output voltage and current of a DG in the steady state. So V i and I i can be seen as known quantities. Then let's consider (2) again, which can be rewritten as
where only R vi and V refi are the unknowns in the steadystate. In order to explain the problem clearly, a simple equivalent circuit is shown in Fig. 1 . Then the equations of it can be listed as
It is clear to see that there are four unknowns in (8), but only two equations can be found, which means it has infinite solutions. In other words, the virtual impedances may operate at any values theoretically. However, the virtual impedance is a significant coefficient in practice. It not only affects the dynamic performance of the system but also affects the stability of the system [24] . To the best of our knowledge, this issue has not yet attracted enough attentions. It should be noted that V ref 1 and V ref 2 are roughly considered equal in paper [19] . So, an interesting control strategy which is to restore the virtual impedances is designed. But if the number of DGs is greater than two, the control scheme will not be valid.
As discussed before, this problem is caused by the coupling between the voltage restoration compensator and current sharing compensator. And it can be suppressed by setting different time constants for different control loops. But the issue still exists, and it may increase the difficulty of system parameters design.
B. SYSTEM STRUCTURE
A DC microgrid topology is adopted in this paper as shown in Fig. 2 . There are two networks in it. One is the physical and the other is the cyber network. There are four DGs connected to the microgrid via boost converters. The DC/DC converter is controlled by a local controller which consists of a droop control loop, and an inner control loop, and a secondary controller which is to coordinate with other DGs. Each DG has a local load and a common load is also plugged in. In the communication layer, each DG exchanges information to its neighboring nodes. The communication relationship is denoted by the graph G(V, ε), where V = {1, . . . , N } denotes the generator nodes and ε denotes the edges. If nodes i and j are connected, then (i, j) and (j, i) belong to ε for the graph is undirected, and j belongs to the adjacent set of node i, which is represented by N i , node i is the same. To describe the topology of the graph, the graph adjacency matrix is defined as 
III. PROPOSED SECONDARY CONTROLLER
In this section, a distributed finite-time secondary control strategy is proposed [25] . The control diagram is shown in Fig. 3 . The proposed secondary controller consists of four compensators. The CSC is to compensate the output current to achieve accurate current sharing, the VICC is to restore the average virtual impedance to the present value, the RVCC is to ensure the reference voltages are the same, and the AVRC is to restore the average value of output voltages.
A. DISTRIBUTED FINITE-TIME CONTROL FOR CURRENT SHARING
As explained before, the droop controller could not achieve accurate current sharing. A current compensator is introduced to overcome it. The conventional distributed CSC is given by
where u I i is the control input of the current compensator. With the control strategy, the output current of each DG will reach its preset sharing ration. However, the convergence time maybe infinite. To achieve the convergence within a finite time, a distributed finite-time consensus protocol is employed [17] , and the CSC proposed in this paper is given by
where 0 < γ < 1 is used to regulate the convergence speed; sig (·) γ = sign (·) |·| γ , and sign (·) is the sign function.
B. DISTRIBUTED FINITE-TIME CONTROL FOR VIRTUAL IMPEDANCE RESTORATION
The current compensator regulates the output current by adjusting the virtual impedance in a DG, and it may vary in a broad range for the influence of line impedances. As explained in [19] , the virtual impedances affect the dynamic current sharing effect and the stability of the system [24] . In this section, a compensator is designed which is to restore the weighted average value of virtual impedances to the reference value. The weighted average value is defined as
where w i is the weight coefficient, and R vi = R 0 vi + R vi . Before designing the controller, a dynamic consensus algorithm should be introduced which is first proposed in [18] . The algorithm is given bȳ
wherex i (t) is the estimate of the average value of X (t) in node i. By differentiation and Laplace transform of (12), the following relationship can be derived
where I N ∈ R N ×N is the identity matrix,X L and X L are the Laplace transforms ofX (t) and X (t).
One of the eigenvalues of L is zero, and the others are positive. So, in the steady-state, all elements ofX (t) will converge to the average value of X (t), which can be expressed as
whereX ss and X ss represent the steady-state value ofX (t) and X (t).
Using the protocol discussed above, the estimate of the weighted average value of the virtual impedances can be calculated bȳ
Then the weighted average value of the virtual impedances can be restored to the reference value. And the RVCC can be given by
C. DISTRIBUTED FINITE-TIME CONTROL FOR VOLTAGE RESTORATION
As mentioned in section II, the primal controller causes a voltage drop. The voltage compensator is to restore the average voltage to its reference value. Using the dynamic consensus algorithm mentioned above, the conventional voltage control scheme can achieve this objective. However, although the voltages can be restored, the voltage correction term in each DG may vary because of the influence of unsynchronized control inputs. And it leads to the variations of virtual impedances for the relationship between the reference voltage and the virtual impedance as expressed in (2) . To eliminate the coupling, the voltage reference values also need to be consistent. Using the protocols above, the RVCC and AVRC can be expressed as
The complete controller is composed of (12) (18) (19) and (20) as shown in Fig. 3 .
D. STEADY STATE ANALYSIS
In this section, the uniqueness of the solution in the steadystate is discussed. For the RVCC exits, (7) can be rewritten as
The output voltages and currents can be treated as known quantities. The unknown quantities are the values of virtual impedance and the reference voltage, the number of which is 2N . Utilized with the proposed controller, all the reference voltages converge to the same value, and the number of the unknowns is reduced to N + 1. By combining the N VOLUME 7, 2019 equations in the form of (21) and (13) together, the following relationship can be derived as
Then the necessary and sufficient condition for the uniqueness of the solution of, (22) is rank (Q) = N + 1. Premultiplication of the matrix Q a full rank matrix U, which is written as follows
The result is given as
According to the knowledge of linear algebra, the sufficient condition for the uniqueness of the solution of, (22) is
It is worth mentioning that the weight coefficients are usually set equal as w i = k i , which satisfies the above condition.
E. A SIMPLIFIED CONTROL STRATEGY
As the proposed control strategy has been presented in the above subsections, it can be seen that the proposed controller needs more information from the adjacency points to ensure the uniqueness of the solution which increases the complexity of the controller. In this section, a simplified control strategy is presented. Let us investigate (22) again. If the coefficients w i and k i are set equal, (22) could be solved and, the solution has a simple analytic expression, which can be expressed as (27) and (26) can be rewritten as
From (28) Summing the left and right sides of (29) , it can be derived thatV
ForR v is equal to R * which is guaranteed by the AIRC, the value ofV can be restored to V * ref . So, the AVRC can be removed, too.
As a result, the simplified controller consists of CSC, AIRC, and (28), and only the information of output current and virtual impedance of each DG needs to communicate. The control diagram is shown in Fig. 4 .
IV. STABILITY ANALYSIS
In this section, the stability of the proposed controller is analyzed using the Lyapunov theory. Inspired by [26] , the error terms are defined as 
Define L f 1 with a . Then (33) can be formed aṡ
Using Lemma 3 and Lemma 4 in [26] , the following inequation can be derived aṡ
where λ = min (a 1 , a 2 , a 3 , a 4 ) . By Lemma 2 in the appendix, the system will reach the steady-state within a finite-time upper boundary by
which completes the proof.
V. SIMULATION RESULTS
In this section, the proposed control method is verified under a DC microgrid, which is shown in Fig. 2 , using MAT-LAB/Simulink software. The details of the system structure are presented in section II B. The parameters of the system and the controllers are listed in Table 1 . It should be noted that the values of R * and V * ref are all given in advance for each DG. In the test system, the output current sharing ratio of each DG is designed as 1, and w i and k i are set equal. As presented in [27] , the system will be asymptotically stable by solving the average consensus problem if and only if the communication time delay 0 < τ delay < τ max , where τ max is the maximum time-delay
In this test, the value of τ max is 230ms. And the communication rate of the secondary controller is 100 Hz with 10ms time-delay.
A. CASE 1: THE LOAD FLUCTUATION PERFORMANCE
The simulation results are presented in Fig. 5, Fig. 6 , and Fig. 7 which correspond to the conventional control strategy, the proposed strategy, and the simplified control strategy, respectively. Each figure contains three subfigures which are the output current, output voltage and the virtual impedance of each DG. The simulation time is set 3000 s, which is divided into three segments, i.e., 0 s to 70 s, 70 s to 2900 s and 2900 s to 3000 s. From 0 s to 10 s, the system operates under the droop control strategy. At 10 s, the CSC goes online. The AVRC goes online at 20 s, and the other controllers go online at 30 s. During the period of 40 s to 3000 s, the load 5 is connected VOLUME 7, 2019 (case A) and removed (case B) periodically, and the cycle is 40 s with half time in each case.
The load can be accurately shared with the CSC which can be seen from Fig. 5 (a), Fig. 6(a) and Fig. 7(a) . And the average voltage can also be restored to the rated value by any of the three control strategies, which can be seen from Fig. 5 (b), Fig. 6(b) and Fig. 7(b) . However, the virtual impedance of each DG changes slowly during the simulation with the conventional controller as shown in Fig. 5(c) . At 50 s (case A), the virtual impedances are 0.98 , 0.77 , 0.36 and 0.24 of each DG. At 2970 s (case A), they are 1.46 , 1.77 , 1.42 and 0.97 . As listed above, the virtual impedances change a lot during the simulation. And the shift is still going on at the end of Fig. 5(c) .
The virtual impedances with the proposed controller are shown in Fig. 6(c) , and the result with the simplified controller is shown in Fig. 7(c 
Using (4), (6), (27) The simulation results and the comparison between the theoretical values and the measured values verify the effectiveness of the propose and simplified control strategies.
B. CASE 2: THE LINK FAILURES PERFORMANCE
The simulation results with link failures are presented in Fig. 8, Fig. 9, and Fig. 10 . At 500s, the link between DG2 and DG3 fails, and the communication restores at 2500s. During 1000s and 2000s, the load 5 fluctuates like in case A.
From the three figures, it can be seen that the three control strategies all can deal with the link failures. After the link is restored, the values of currents and voltages are the same compared within case A. And the values of virtual impedances are also the same with the proposed and simplified control strategies.
During the link breaks, the output currents cannot achieve consensus with the three control strategies. But the average value of the output voltages is maintained with the conventional and proposed control strategies for the existence of AVRC. At 2200s, the output voltages are 769.1V, 793.5V, 817.2V and 820.2V with the two control strategies. However, the simplified cannot hold this control goal for it relies on the consensus of output current as explained in section III E. The average value of the virtual impedances can be maintained with the proposed and simplified control strategies for the existence of AIRC. At 2200s, the virtual impedances are 1.570 , 1.045 , 0.735 and 0.650 with the proposed control strategy and 1.510 , 1.110 , 0.725 and 0.655 with the simplified control strategy.
It can also be seen that the virtual impedances are 1.01 , 0.5 , -0.21 and -0.41 in Fig. 8(c) at 3000s . Compared with Fig. 5(c) , it shows the need for the virtual impedance arrangement.
VI. CONCLUSION
In this paper, a distributed finite time secondary control strategy is proposed. In addition to achieve accurate current sharing and output voltage restoration, the main contribution of the proposed control method is to ensure the virtual impedance's stable operation. With the proposed control, the virtual impedances in a DC microgrid are only affected by the load distribution. To achieve the purpose, we analyze the problem that causes the virtual impedance variation, firstly. Second, the proposed control strategy is designed, which consist of four compensators. And by the steady-state analysis, the sufficient condition for the uniqueness of the virtual impedance is given. Based on this, a simplified control strategy is introduced, which removes the RVCC and AVRC. At last, a simulation is presented to verify the effectiveness of the proposed control method. In future work, an ac microgrid with this method should be analyzed.
APPENDIX
Lemma 1 [28] : If a 1 , a 2 , · · · , a n ≥ 0 and 0 < p ≤ 1, then 
Then V (t) will reach zero at finite time T ≤ V (0) 1−α K (1−α) and V (t) = 0 for all t ≥ T.
